Many liquid membrane ion-selective electrodes (ISEs) have been constructed by employing various ion-exchangers, neutral carriers and charged carriers as sensing materials with excellent selectivities for cations and anions. 1 The generation of membrane potential of these types of ISEs has been attributed to permselective ion transport across the liquid membrane/solution interface, i.e., charge separation through a preferential uptake of a primary ion by the sensing element in the liquid membrane, leaving its hydrophilic counter ion in aqueous sample solution. 2-9 FTIR-ATR and SHG studies evidenced that the permselective ion transport and resulting charge separation at the liquid membrane surfaces occurred from non-extractable media into the boundary region (less than 1 µm) of the membrane. 6 Owing to their versatility that allows a wide range of selectivities for metal ions, especially heavy metal ions, use of chelating agents as a sensing material seems attractive for designing liquid membrane ISEs for heavy metal ions. Many conventional acidic chelating agents, however, have relatively water-soluble properties, which lead to the formation of uncharged metal chelates in the bulk aqueous phase and successive partition into the organic phase. Consequently, induction of charge separation at the liquid/liquid interface seems to be difficult when a liquid membrane containing an ordinary chelating agent is brought into contact with an aqueous solution containing a specific metal ion. However, as reported in our previous paper, 10 we succeeded in obtaining the potentiometric responses of polymeric liquid membranes containing acidic chelating agents to metal ions if synergists are added to the liquid membrane system. For example, a thenoyltrifluoroacetone-based membrane in the presence of pyridine as a synergist generated potentiometric Nernstian responses to metal ions such as Co 2+ , Cu 2+ , Ni 2+ and Zn 2+ , while no noticeable response is induced in the absence of pyridine. This suggests that charge separation is occurring at the interface of the synergist-aided chelate extraction systems. On the other hand, several liquid membrane ISEs have been reported utilizing metal chelates as sensing materials.
1
The generation of membrane potential of these types of ISEs has been attributed to permselective ion transport across the liquid membrane/solution interface, i.e., charge separation through a preferential uptake of a primary ion by the sensing element in the liquid membrane, leaving its hydrophilic counter ion in aqueous sample solution. [2] [3] [4] [5] [6] [7] [8] [9] FTIR-ATR and SHG studies evidenced that the permselective ion transport and resulting charge separation at the liquid membrane surfaces occurred from non-extractable media into the boundary region (less than 1 µm) of the membrane. 6 Owing to their versatility that allows a wide range of selectivities for metal ions, especially heavy metal ions, use of chelating agents as a sensing material seems attractive for designing liquid membrane ISEs for heavy metal ions. Many conventional acidic chelating agents, however, have relatively water-soluble properties, which lead to the formation of uncharged metal chelates in the bulk aqueous phase and successive partition into the organic phase. Consequently, induction of charge separation at the liquid/liquid interface seems to be difficult when a liquid membrane containing an ordinary chelating agent is brought into contact with an aqueous solution containing a specific metal ion. However, as reported in our previous paper, 10 we succeeded in obtaining the potentiometric responses of polymeric liquid membranes containing acidic chelating agents to metal ions if synergists are added to the liquid membrane system. For example, a thenoyltrifluoroacetone-based membrane in the presence of pyridine as a synergist generated potentiometric Nernstian responses to metal ions such as Co 2+ , Cu 2+ , Ni 2+ and Zn 2+ , while no noticeable response is induced in the absence of pyridine. This suggests that charge separation is occurring at the interface of the synergist-aided chelate extraction systems. On the other hand, several liquid membrane ISEs have been reported utilizing metal chelates as sensing materials. [11] [12] [13] [14] [15] [16] [17] The generation of membrane potential in those cases seems due to the hydrophobicity of metal chelates, which may prevent chelating agents from dissolving into the aqueous solution.
In the present paper, we describe our empirical finding that potentiometric response of a polymeric liquid membrane containing an acidic chelating agent to metal ions is induced, even if synergists are absent, when the chelating agent is lipophilic enough for permselective uptake of a specific metal ion at the membrane/solution interface. To illustrate the fact, the potentiometric responses of polymeric liquid membranes containing chelating agents, i.e., 8-quinolinol (HOx), diphenylthiocarbazone (HDz; dithizone) and 1-(2-pyridylazo)-2-naphthol (PAN) were compared with those of membranes containing their alkylated derivatives, 5-octyloxymethyl-8-quinolinol (HO8Q), di(p-hexylphenyl)thiocarbazone (C6HDz) and 7-pentadecyloxy-1-(2-pyridylazo)-2-naphthol (C15PAN), respectively (Fig. 1) . The potentiometric responses were also investigated on a series of N-alkylcarbonyl-Nphenylhydroxylamines (CnPHA, n = 3, 6, 9, 12). Potentiometric responding behaviors were discussed in terms of 
Apparatus
Potential measurements were carried out with ion meters, Model IOL-40 and IOL-50 (Denki Kagaku Keiki Co., Tokyo, Japan). The pH of solutions was measured with a glass electrode pH meter, Model HM-18E (TOA, Tokyo, Japan). Nuclear magnetic resonance (NMR) spectra were measured on a Fourier transform NMR spectrometer ( 1 H, 500 MHz) Model a-500 (JEOL, Tokyo, Japan). UV-visible spectra were recorded with a UV-visible spectrophotometer Model UV-240 (Shimadzu, Kyoto, Japan).
Construction of liquid membrane electrodes based on acidic chelating agents
The polymeric liquid membranes were prepared by dissolving PVC and plasticizer (membrane solvent) containing an appropriate amount of chelating agents, at a weight ratio of 1:2, in THF, followed by allowing THF to evaporate. Liquid membrane electrodes were constructed either by preparing each membrane on a liquid membrane type ISE body (Denki Kagaku Keiki Co.), or by fixing a 25 mm diameter disk, cut out of the prepared membrane in a petri dish, onto one end of a glass tube (15 mm o.d., 110 mm in length) with a piece of adhesive poly(tetrafluoroethylene) tape. For both cases, 33.3 mM Na2SO4 solution containing 5 µM TPACl was used as the internal solution. A double-junction type Ag/AgCl electrode (Denki Kagaku Keiki Co.) served as the reference electrode. The cell assembly for the potential measurements was as follows.
Ag-AgCl|33.3 mM Na2SO4, 5 µM TPACl|liquid membrane| sample solution||33.3 mM Na2SO4||3 M KCl|AgCl-Ag Sample solutions (50 mL) usually contained 33 mM Na2SO4 and 25 mM pH-adjusting acetate buffer.
The potential measurements were carried out at room temperature (25˚C) after conditioning in 33 mM Na2SO4 solution containing 25 mM acetate buffer. The concentration of primary metal ions in the solution was changed from low to high by stepwise injection of small volumes of the primary ion solution.
Measurements of distribution coefficients
The hydrophobicity of the chelating agents was evaluated by measuring their distribution coefficients (KD) between membrane solvent and water. An appropriate volume (Vo) of an organic solution containing a chelating agent in a membrane solvent and an appropriate volume (Va) of aqueous solution were shaken mechanically for 3 h at room temperature (25 ± 2˚C). Organic solvents used were presaturated with aqueous phase. The compositions of organic and aqueous phases were summarized in Table 1 . After the two phases were allowed to separate, the concentration of the chelating agent in the organic phase was determined by absorptiometric measurements at an appropriate wavelength for each agent. The equilibrium concentration of the agent in the aqueous phase was calculated on the basis of material balance. The distribution coefficients of neutral form of the chelating agents were calculated from the absorbance, the pH and their acid-dissociation constants (Ka). The value of pKa used for calculation of KD value of each chelating agent was 4.85 (quinolinium ion) and 9.95 (hydroxy group) for HOx, 19 8 .75 for HO8Q, 20 8 .64 for C3PHA, 21 8 .63 for C6PHA, 21 8.75 for C9PHA, 21 4.3 for HDz, 18 4.68 for C6HDz 18 and 2.9 for PAN. 19 No literature value was available for pKa of C12PHA. As an approximation, the pKa value of C12PHA was regarded as identical to that of C9PHA, because the attempt to evaluate the pKa value of C12PHA was unsuccessful. The KD values of chelating agents between membrane solvents and water obtained are listed in Table 1 .
Measurements of interfacial tension
The values of interfacial tension at the DOP/water interface were measured using an Automatic Surface Tensiometer with a Pt plate (CBVP-A3, Kyowa Interface Science Co. Ltd., Saitama, Japan) by the Wilhelmy method. 22 A glass vial, which was cut at its bottom, was used as a vessel. We used the vial upside down, and the cap side of the vial worked as a bottom. The upper part (cut side) of the inner wall of the vessel, which was in contact with DOP, was modified with octadecyltrichlorosilane in order to reduce the contact angle between the DOP and the glass wall. For measurements, a 22-ml portion of DOP containing 1.8 × 10 -4 -1.8 × 10 -1 M HO8Q was equilibrated with the same volume of aqueous solution. DOP used was presaturated with water. Aqueous solutions used were 0.10 M Na2HPO4/KH2PO4 buffer (pH 7.0) containing 33.3 mM Na2SO4 and NaOH (pH 13). After equilibration, two phases were separated by means of centrifugation and the aqueous phase was filtered through a cellulose nitrate filter. The equilibrium pH for the aqueous solution was pH 6.4 for the phosphate buffer and pH 12 for NaOH. Then the aqueous solution was taken in the vessel, followed by layering of the DOP solution. The interfacial tensions were recorded when the plate was touched at the interface. All the measurements were carried out at room temperature (22 -24˚C).
Results and Discussion

Potential-pH profiles of polymeric liquid membranes
Figures 2 -5 demonstrate the pH-dependence of potentiometric responses of polymeric liquid membranes based on HO8Q, HOx, C9PHA, C3PHA, C6HDz, HDz, C15PAN and PAN in the presence and absence of metal ions obtained by changing the solution pH from acidic to basic region with NaOH.
The potential-pH profile in the absence of Zn 2+ shows that the HO8Q membrane responded to H + in acidic to neutral pH region (Fig. 2a) . The increase in potential reflected the relative increase in positive charge at the membrane/solution interface due to the uptake of cationic species. On the basis of the two pKa values of HO8Q (pK1 = 4.8 for quinolinium ion and pK2 = 9.5 for hydroxy group), 20 HO8Q is expected to accommodate one proton in the weakly acidic region and two protons in the acidic region. The potential-pH profile indicates uptake of H + by the anionic form of HO8Q in the weakly acidic solution. In the acidic region, the neutral form of HO8Q may also work as a neutral carrier. Since the bulk membrane phase always contains the neutral form of HO8Q to preserve the electroneutrality, anions of HO8Q (O8Q -) may be formed only at the membrane/solution interface and then behave as charged carriers to H + . In the presence of Zn 2+ , the HO8Q membrane generated the potentials that were more positive than in its absence, and the potential values increased with an increase in solution pH between 4 and 6. This result shows that the anion O8Q -worked as a charged carrier for Zn 2+ , and the preferential uptake of Zn 2+ occurred at pH above 4. On the other hand, the HOx membrane showed a nearly constant potential over the pH range from 1.4 to 11, both in the presence and absence of Zn 2+ , indicating no noticeable potentiometric response to H + and Zn 2+ (Fig. 2b) . This suggests that the less hydrophobic HOx cannot work as a carrier for Zn 2+ . Similarly, the C9PHA membrane, in the absence of Ni 2+ , exhibited the potential decrease with an increase in solution pH over the pH range from 1.5 to 11, while the potential in the presence of Ni 2+ rose with an increase in pH between 5.5 to 8 (Fig. 3a) . Since the C9PHA anion can accommodate one proton 623 ANALYTICAL SCIENCES MAY 2001, VOL. 17 (pKa = 8.75 21 ), the potential-pH profile indicates that the uptake of H + and Ni 2+ by the anionic form of C9PHA occurred at the membrane/solution interface and it was preferential to Ni 2+ at pH values above 5.5. In contrast to the C9PHA membrane, the less hydrophobic C3PHA membrane gave a nearly constant potential over the pH range from 1.5 to 11 in both the presence and the absence of Ni 2+ (Fig. 3b) . The membranes based on both C6HDz and HDz, whose KD values are large, exhibited potentiometric responses to H + in the absence of Cu 2+ (Fig. 4) . Especially, the C6HDz membrane showed the response with a slope of 50 mV/decade in the pH range from 2 to 6. In the presence of Cu 2+ , the HDz and C6HDz membranes showed the potentiometric responses to Cu 2+ at the pH values above 3.5, while more negative potentials were observed than in its absence in the acidic pH region. Since the anionic forms of C6HDz and HDz can each accommodate one proton, the potential-pH profiles demonstrate the uptake of H + and Cu 2+ by the C6Dz -and Dz -anions as charged carriers. The PAN membrane, in the absence of Cu 2+ , also showed the potentiometric response to H + in the weakly acidic to neutral pH region. In the presence of Cu 2+ , the PAN membrane exhibited the potentiometric response to Cu 2+ in the pH range between 4 and 7 (Fig. 5a ). Since there are two pKa values of PAN (pKa1 = 2.9 for pyridinium ion and pKa2 = 11.6 for hydroxy group), 19 the anionic form of PAN can accommodate two protons in the acidic region (pH < 3) and one proton in the weakly acidic to weakly basic region. The potential-pH profile suggests that the anion of PAN worked as a charged carrier for H + and Cu 2+ . In the acidic region below pH 4, the steady potential was not obtained even after 60 min, probably because of the dissolution of PAN from the membrane into the aqueous sample solution, forming a water-soluble charged species HPAN saturated solution in DOS, orange precipitates formed in the membrane. Potentiometric measurements were tried with this membrane. The potentiometric responses to H + and Cu 2+ were observed in the pH ranges from 4 to 7 and from 5.5 to 7, respectively (Fig. 5b) .
Potentiometric responses of membranes based on acidic chelating agents to metal ions
Typical examples of potentiometric responses of the polymeric liquid membranes containing HO8Q and HOx to Cd 2+ , Co 2+ , Ni 2+ and Zn 2+ are shown in Fig. 6 . The HOx membrane exhibited no significant potentiometric response to any of the metal ions tested, as expected from the potential-pH profile. In contrast, the HO8Q membrane gave potentiometric responses with large response slopes (100 -120 mV/decade) to four metal ions in weakly acidic media. Thus, a hydrophobic HO8Q-based membrane in fact generated the potentiometric response to metal ions. Figure 7 demonstrates typical potentiometric responses of the polymeric liquid membranes containing a series of CnPHA to Ni 2+ at pH 6.6. While C3PHA and C6PHA membranes exhibited no significant potentiometric response to Ni 2+ , C9PHA and C12PHA membranes gave large potentiometric responses to Ni 2+ . The generation of potentiometric response was observed with increasing the hydrophobicity of the chelating agents.
The potentiometric responses of polymeric liquid membranes containing acidic chelating agents are summarized in Table 2 . The effect of the hydrophobicity of chelating agents on potentiometric response is confirmed again from such results.
The selectivity coefficients of the membrane containing each hydrophobic chelating agent, evaluated by the matched potential method, 23 are listed in Table 3 . The orders in selectivity coefficients for each membrane roughly agreed with those in conditional stability constants as well as with reported extraction constants between parent chelating agents and metal ions. This indicates that the degree of potentiometric responses is based on complex formation between chelating agents and metal ions.
Model for generation of membrane potential
From the potential-pH profiles of polymeric liquid membranes based on acidic chelating agents of differing hydrophobicity, the following conclusion is derived. The membranes containing chelating agents of high hydrophobicity, i.e., large KD value, generate the potentiometric responses to H + and metal ions, while less hydrophobic ones do not. As described above, the generation of potentiometric responses to H + and metal ions is induced by the uptake of those cations by the anionic forms of the chelating agents. Watarai and Freiser revealed that the solvent extraction process is significantly modified in the case of extraction of metal ions with alkylated chelating agents, in comparison with ordinary agents. 24 The introduction of long alkyl chains to parent chelating agents shifts the place for the chelate formation from the bulk aqueous phase to the liquid/liquid interface. [25] [26] [27] On the basis of present experimental results, a possible model for the generation of potentiometric response is shown schematically in Fig. 8 . The high hydrophobicity of chelating agent (HL) enables its anionic or deprotonated form L -to remain at the membrane/solution interface for permselective uptake of metal cations from the solution phase. Thus, charge separation is attained at the interface. [4] [5] [6] [7] On the other hand, the less hydrophobic chelating agent is partitioned into solution phase and forms an uncharged metal chelate that is transported into membrane phase. No membrane potential must be generated by the latter process.
The fraction of chelating agents partitioned from the membranes containing HOx, HO8Q and CnPHA was examined, when the membranes were brought into contact with the aqueous solutions free from a specific metal ion. The UV absorption of the solution due to the chelating agent partitioned from membrane was measured, upon immersing a weighed membrane (about 100 mg) fixed on one end of a glass tube into 50 ml of the solution while it was stirred. The percentages of HOx partitioned in the aqueous phase were found to be 31.4% and 36.8% of initial amount in the membrane after the contact of 1 h and 6 h at pH 4.9, respectively. On the other hand, no partition of HO8Q was detected, because of the highly hydrophobic nature of the agent. Among the CnPHA, less hydrophobic C3PHA and C6PHA were partitioned markedly from the membrane at pH 6.5, with percent partitions of 35.5% and 30.4% (6 h), respectively, while the partitioned amounts of hydrophobic C9PHA and C12PHA were only 3.5% and less than 1% (6 h), respectively. These results demonstrate that the hydrophobicities of the chelating agents play a key role in generating the potentiometric responses of the chelating agentbased liquid membranes.
The relation between interfacial tension at the DOP/water 626 ANALYTICAL SCIENCES MAY 2001, VOL. 17 A metal ion that gave the largest potentiometric response for each membrane under the established experimental condition was selected as a temporary primary ion to evaluate selectivity coefficients. interface and concentration of HO8Q in DOP was examined at pH values 6.4 and 12. As is shown in Fig. 9 , the interfacial tension at pH 12 decreased with an increase in HO8Q concentration in DOP, while the tension remained constant independently of HO8Q concentration at pH 6.4. If one considers the pKa value of HO8Q, it is clear that HO8Q exists as a neutral form at pH 6.4 and a deprotonated anionic form at pH 12. The dependence of interfacial tension on the HO8Q concentration suggests that the anionic species O8Q -is an interface-active species and that neutral HO8Q is not. This result strongly supports the above model that the potentiometric responses are generated by uptake of metal ions, with anions of hydrophobic chelating agents remaining at the membrane/solution interface. Pretsch et al. described that the concentration of a negatively charged carrier in liquid membranes may be controlled by incorporation of a lipophilic cationic additive at 30 -60 mol % through formation of ion-pair in the membrane. 28 Considering that the anion of HO8Q works as a charged carrier, the effect of a lipophilic additive of opposite charge, TDMACl, in the membrane on potentiometric response to Zn 2+ was examined. The concentrations of TDMACl examined were 100, 30 and 3 mol % relative to that of HO8Q. The potentiometric response to Zn 2+ of the HO8Q membrane with TDMACl disappeared almost completely (100 mol % TDMACl) or became anionic (-5 to -10 mV/decade for 30 and 3 mol % TDMACl). In these cases, the conditioning potentials were more positive by 200 mV (100 mol % TDMACl) and 170 mV (30 and 3 mol % TDMACl) than that with the HO8Q membrane containing no TDMACl. The more positive conditioning potential suggests that TDMA + ions, adsorbed at the membrane/solution interface, determined the phase boundary potential. The adsorbed TDMA + ions may hinder the permselective uptake of Zn 2+ by preventing O8Q
from adsorbing at the interface or by compensating the negative charge of O8Q -. The present approach may extend the usefulness of chelating agents as a sensing material to heavy metal ions in liquid membrane ISEs by controlling the hydrophobicity of the agents.
